We experimentally demonstrated a novel repetition rate adjustable SBS-based Q-switched fiber laser. An inserted Fabry-Perot interferometer formed by two non-contact end faces of two FC/PC fiber connectors was inserted to help the system stabilize the random output of SBS-based Q-switching. By mechanically fine-tuning the length of the inserted Fabry-Perot interferometer, a linear and continuous repetition rate adjustment under a fixed pump power was achieved. This method paves a new way for the indirect control of repetition rate in SBS-based Q-switched fiber lasers. It is also found out that higher pump power allows wider adjustment range. At 600 mW pumping which is highest pump power of the source, the repetition rate almost tripled from 11.22 kHz to 32.06 kHz only by varying the length of FP cavity in less than 3 µm. In the meantime, the variation of pulse width, output power and single pulse energy were recorded and analyzed under different fixed pump powers. Although the adjusting range of repetition rate is not very wide but the tuning of repetition rate due to such a small length changing is unique and valuable. This original repetition rate control technique has great potential in areas like environment sensing and material detections.
Introduction
Passively Q-switched fiber lasers have been of great importance in many fields for their known advantages of simplicity, compactness and low cost over actively Q-switched fiber lasers. Saturable absorbers (SAs) and fiber nonlinearities have been extensively studied for decades for passive Q-switching. Various SAs have been developed in recent years, such as graphene, single-walled carbon nanotube, transition metal dichalcogenides, topological insulators and black phosphorus [1] - [5] . However, their complicated fabrication procedure, low thermal damage threshold and long-term instability hinder their practical application and further development. On the other hand, methods utilizing Kerr effect, including nonlinear amplifying loop mirror, nonlinear polarization evolution and multimode interference, has been studied extensively and proved to be efficient and inexpensive ways to generate stable Q-switched pulses [6] . In the meantime, as a kind of inelastic scattering, stimulated Brillouin scattering (SBS), was also found to be able to produce Q-switched pulses [7] . SBS is a nonlinear process with the lowest threshold in optical fibers. It is the result of a positive feedback process between acoustic and Stokes waves. Acoustic wave generated by electrostriction process resulted from interference between pump and Stokes waves creates a moving grating which reflects stronger Stokes wave. Stronger Stokes wave could in turn cause stronger interference and enhance the acoustic wave. Taking advantage of this feature, the SBS-based Q-switched fiber laser was proposed and demonstrated. Due to its no-feedback cavity and Q-switching mechanism, SBS-based Q-switched fiber laser have many unique features in comparison with common passively Q-switched fiber lasers, such as extreme simplicity, no wavelength limit, high peak-average power ratio and random output [8] - [10] . To date, instability of SBS-based Q-switched lasers have been successfully utilized for supercontinuum generation, rough wave study and random laser [7] , [11] , [12] .
In a recent publication, it has been demonstrated numerically and experimentally that the random output can be efficiently self-stabilized by inserting a Fabry-Perot (FP) interferometer into cavity [13] . But the pulse width was widened and the peak power was reduced in the results of simulations and they were verified in experiments. Despite all that, this finding allows SBS-based Q-switched fiber laser to generate highly stable pulse trains while maintaining its original advantages such as extreme simplicity and no wavelength limit. Inexpensively stabilized SBS-based Q-switched fiber lasers can be applied to other areas where stable output is required. However, since the critical component leading to self-stabilized Q-switch is an inserted FP cavity, it is natural to wonder that if the output of the self-stabilized Q-switched fiber laser could be affected or even manipulated by changing the parameter of the FP interferometer like cavity length.
Lasers with adjustable repetition rate are desirable in many fields. Great efforts have been expended to achieve flexible adjustment of repetition rate in Q-switched fiber lasers [14] - [18] . In a passively Q-switched fiber laser, the repetition rate is generally considered to be related to the properties of SA and the result of competition of intracavity gain and loss which is commonly very stable while the pump power is fixed. Thus, the repetition rate can only be indirectly controlled by varying the pump power, physical conditions or amount of the saturable absorber. Another method to control the repetition rate is using a pulsed pump source with adjustable repetition rate, which however boosts the cost of the entire system [19] .
Here, we report on a novel repetition rate adjustable self-Q-switched fiber laser based on SBS effect and FP interference.
At 600 mW pump power, the repletion rate was nearly tripled from 11.22 kHz to 32.06 kHz only by finely tuning the length of the inserted FP cavity. At the same time, the output power was varied from 4.6 mW to 16.2 mW. The whole length of tuning is less than 3um. Beside the repetition rate and output power, the pulse width and single pulse energy were also measured or calculated as functions of the length of tuning at fixed pump power ranging from 200 mW to 600 mW. The relationship between repetition rate and output power is also analyzed. although the tuning range of repetition rate reported in this paper is not competitive, the method the repetition rate was tuned by is unique and valuable. With this novel repetition control technique, the SBS-based passively Qswitched fiber laser is of great potential to be applied in fields like environment sensing or material detections. Because the spectrum change of FP cavity is represented by amplified variation of repetition rate which can be observed and detected more inexpensively and conveniently. Fig. 1 shows the schematic of the experimental setup. A segment of 2 m long Er-doped fiber was utilized to function as gain medium to offset the intracavity loss. A 980 nm LD with a maximum output power of 600 mW was used as the pump source. A high reflective fiber Bragg grating centered at 1551 nm with a bandwidth of 2 nm was to provide feedback. An FP interferometer formed by two non-contact end faces of two fiber patch cords was inserted into cavity to provide weak feedback and stabilize the SBS-based Q-switched pulses. In addition, the weak feedback for Stokes waves helps to lower down the threshold of SBS. The distance between two end faces was controlled by two pre-aligned 3-axis optical stages, one of which was fixed and the other one could be adjusted from the z-direction by turning a knob with a resolution of 250 nm. An optical isolator was placed between FP cavity and an angled output port which was aimed to reduce the disturbance caused by reflected light. A 1 × 2 optical coupler was used to guide 10% of the light reflected by FP interferometer into a spectrum analyzer. Between the spectrum analyzer and the coupler, an optical isolator and a pair of angled connectors were also utilized for preventing parasite reflection. In experiments, spectral and temporal pulses varied with changes of FP cavity length and were recorded simultaneously.
Experimental Setup
Adjusting the distance between two end faces by turning the knob, Q-switching process can be initiated at 160 mW pump power. Fig. 2(a) shows the typical temporal behaviors of the selfstabilized Q-switched pulse trains under different pump powers. As mentioned above, since the FP interferometer is the critical component for a stable Q-switching. It can be inferred that by changing the characteristics of FP cavity, the behavior of Q-switched pulses can be altered and even manipulated.
In experiments, it was found that there was a narrow range of length-tuning where the Q-switching process could be achieved. And within the range of stable Q-switching under a fixed pump power, while the distance was being carefully tuned, significant changes of output pulses were observed, especially the variation of the repetition rate. The spectral features under the maximum and minimum length of FP cavity were shown in Fig. 2(b) . the obvious shifting of central wavelength at each fixed pump power clearly confirmed the effect of length-tuning of FP cavity. Although it seems that the shift of center wavelength was pretty small at each pump power, it should be noted that even the FP cavity had an impact on the spectrum of the intracavity pulses through interference, the spectrum was also influenced by many other factors such as the nonlinearities interaction, reflection spectrum of FBG and gain profile of the gain medium. At each fixed pump power, the length of FP cavity was gradually being varied from the maximum length to the minimum length while keeping the laser operating in stable Q-switching state. The characteristics of output pulse including repetition rate, pulse width, output power and single pulse energy as functions of moving distance of one connector end face were investigated.
Results and Discussion
The variations of repetition rate and pulse width are shown in Fig. 3 . From Fig. 3(a) , it can be seen that under each pump power, the repetition rate always kept a monotonic linear increasing trend with increasing of the moving distance. And the slopes of the fitting equations of the data were calculated to be between 0.00724 and 0.00774 which are pretty close to each other, signifying that the repetition rate has highly stable linear negative correlation with the length of FP cavity within the range of stable Q-switching taking into consideration the experiment and measurement errors. Moreover, the higher the pump power is, the wider tuning range the laser has. While the laser was under 600 mW pump power, the repetition rate could be adjusted from 11.22 kHz to 32.06 kHz. The lowest repetition rate output was achieved at 200 mW which was 7.94 kHz. From the figure, it can be also found out that only relying on changing the pump power, the adjusting range of repetition rate is much more limited. Tuning repetition rate by varying FP cavity length at a fixed high pump power has much larger adjustable range than tuning by varying pump power at a fixed FP cavity length. Thus, to change the repetition rate, changing the length of FP cavity at higher fixed pump power would be more efficient. It should be noted that even with the same moving distance, the distances of two end faces of fiber connectors under different pump power were not equal since the initial length of FP cavity varies with different pump power. Fig. 3(b) shows the variation of pulse widths as functions of the moving distance. At each fixed pump power, as the moving distance was increasing, the pulse duration was gradually decreasing until reaching the shortest width, and then pulse width began to increase. The shortest pulse width was obtained at 600 mW which was 6.784 µs. Compared with repetition rate, the pulse width was relatively insensitive to the length-changing of FP cavity, as the total pulse width change was less than 3 µs at each fixed pump power. The error bar in Fig. 3(a) and Fig. 3(b) shows the standard deviations of repetition rates and pulse widths obtained in a wide range of recorded pulse trains, respectively. Fig. 3(c) shows the coefficient of variation (CV) of pulse width and repetition rate, which is the ratio of the standard deviation to the mean. As can be seen clearly, the CV of repetition rate is obviously smaller than CV of pulse width, confirming that the repetition rate is more stable than pulse width at each fixed pump power. Fig. 4(a) shows the output power as functions of the moving distance. The output power was gradually increasing with the increment of moving distance at each fixed pump power. It can be readily expected since decreasing the length of FP cavity would reduce the intracavity loss induced by aperture effect. The highest output power was obtained at 600 mW pump power which was measured to be 16.2 mW. The single pulse energy varying with moving distance is shown in Fig. 4(b) . The Maximum single pulse energy was measured to be 512.5 nJ. The dynamic behavior of Q-switched pulses under 600 mW pump power is gathered and shown in Fig. 4(c) . it can be seen that, by varying the length of FP cavity, the repetition rate tripled to 32.06 kHz and the output power nearly quadrupled to 16.2 mW. The pulse width and single pulse energy, however, did not change as significantly as the first two but there is an obvious negative correlation between them.
Since the output power is directly related to the intracavity loss, the repetition rate, pulse width and single pulse energy as functions of output power are also studied and plotted in Fig. 5 under each fixed pump power for better understanding of the intracavity laser dynamics.The data shows that there are strong correlations between output power and these three characteristics of output pulses. The variation of the repetition rate is shown in Fig. 5(a) . It can be seen that there is a linear base line where measured dots were located at low output power under each fixed pumping. However, as output power continues to grow, the measured data begins to deviate from this base line and the increase of repetition rate accelerate. When the output power was low, the repetition rates of different pump powers were close to each other. But while the output power was increasing, which was resulted from the shrinking of the FP cavity length, the laser under lower pumping would have higher repetition rate with same output power. Fig. 5(b) and Fig. 5(c) show the pulse width and single pulse energy as functions of output power respectively. Fig. 5(d) shows that there is a linear negative correlation between pulse width and single pulse energy at each fixed pump power. As single pulse energy grows, the pulse width decreases linearly and continuously at each fixed pump power. The fitting curve at higher pump power has a smaller slope.
Traditional passively Q-switching theory predicts that the repetition rate should increase approximately linearly with the increase of pump power, which in this case is the decrease of intracavity loss [20] . However, data set in Fig. 5 shows that the repetition rate varies nonlinearly with the output power denoting that there is another nonlinear factor affecting the repetition rate which is believed to be the nonlinear interaction between excited Stokes waves. Since the point where this effect manifests itself on the baseline varies with output power under different pump powers, it can be concluded that this effect is neither related to output power nor intracavity power. On the other hand, based on the theory of SBS-based Q-switching, spectrum changed by FP interference affects the reflectivity of fundamental lasing light which has a critical impact on the time that the popular inversion is accumulated to excite Stokes waves. Besides, the spectrum change also influences the number of excited Stokes waves and reflectivity of them. As a consequence, the repetition rate can be adjusted.
Conclusion
In this paper, a novel repetition rate tunable passively Q-switched fiber laser was demonstrated. This laser was Q-switched by SBS effect and stabilized by FP interference. By mechanically tuning the length of FP cavity while keeping the laser operating in stable Q-switching state under fixed pump powers ranging from 200 mW to 600 mW, the dynamic behavior of the output pulses including repetition rate, pulse width, output power and single pulse energy was significantly changed. At 600 mW fixed pumping, the repetition rate was continuously and linearly adjusted from 11.22 kHz to 32.06 kHz. Recorded data indicates that the Q-switched laser will have wider range tuning of repetition rate if the pump power is higher. Moreover, by investigating the correlation between repetition rate and output power, it is believed that variation of repetition rate results from two factors. One is the renewed balance of the intracavity gain and loss due to variation of the loss, the other is the change of reflectivity of the fundamental lasing light and excited Stokes waves. As a result, the time of accumulation of popular inversion can be altered due to the shrinking length of FP cavity. Consequently, slight change of spectrum can be represented by tremendous variation of repetition rate. Thus, this Q-switched fiber laser has great potential in areas such as environmental sensing, liquid or gas detection and temperature evaluation with much lower cost in contrast to common measures which require spectrum identification.
